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Industrially produced and discharged hexavalent chromium, Cr*, occurs in the environment in the highly water
soluble forms of the divalent oxyanions chromate (CrO,)* and dichromate (Cr,0,)* (1). These compounds readily
cross cell membranes mainly via the sulfate (SO,)* active transport system (2) and are reduced intracellularly to Cr*
and Cr*, which then mutagenize DNA by disrupting DNA replication (3). When in the environment in the reduced
trivalent form (Cr*), they tend to form relatively insoluble compounds that often cannot cross cell membranes and
thus become significantly less harmful to the same biological systems (3). These profound changes in physical,
chemical, and toxicological properties following reduction have created significant opportunities to detoxify Cr* in
geological materials (4).

There are two contradicting views about hexavalent chromium Cr® reduction mechanisms (and polyvalent metal
ions as a whole) on mineral surfaces. The “biological mechanism” is based on the presehieaelefait and Ci-
reducing microorganisms detected by conventional microbial techniques in well-sorted and well-mixed geological
materials §). The evidence is corroborated with®Qeduction to C¥f measured in batch and flow-through column
experiments using similar geologic materiaB8J. Recent research indicates that the role of the microbial
mechanism is further enhanced by microbially produced macromolg@uebhrough combinations of carboxyl,
phosphoryl, and hydroxyl groups, these macromolecules complex polyvalent metal ions and increase the chromium
solubility and thus availability to Crtolerant and Ci-reducing microorganisms9). The alternative “chemical
mechanism” suggests that the presence of geological minerals with mixed metal oxides and/or the presence of natural
organic molecules can significantly catalyze the redox chemistry’air@ other polyvalent metal ions in geological
materialg(10-12).

In this study, we report systematically observed evidence that provides insight into dominant reduction
mechanisms and reduction pathways on mineral surfaces. The microorganisms under study are rock-inhabiting
microorganisms in fractured basalt rock systems. They are found in the vadose zone above the rock aquifers within
the extensive Columbia basalt flow in the southwestern part of Idaho in the United States. The basalt samples are
from the Radioactive Waste Management Complex (RWMC) within the Idaho National Engineering and
Environmental Laboratory (INEEL) of the U.S. Department of Energy. This site has been polluted with mixtures of
hexavalent chromium, €y together with other inorganic ions, radionuclides, petroleum hydrocarbons, and volatile
organic compounds (VOCs) from more than 40 years of US nuclear production activity. The samples were collected
and sectioned at the site by members of INEEL.

All samples were fine-grained silicate-containing vesicular basalt. Earlier work indicates that although Columbia
basalt rocks are generally quite limited in nutrients and organic carbon, there are dense clusters of microorganisms on
the vesicles or on the fractured surfackd,(especially in areas where magnetite is a dominant constituent. Batch
studies demonstrated that some of these microorganisms’atel&@ent and Ci-reducing microorganismd%,16).

The ability of these rock-inhabiting microorganisms to aerobically reduée i@reased significantly during
concomitant biodegradation of a volatile organic compound (VAE) Qther bacteria with similar abilities to
detoxify mixtures of C¥ and VOCs have been reported elsewh@ye (

We used a synchrotron radiation-based (SR) Fourier transform infrared (FTIR) spectromicroscopy beamline
(Beamline 1.4.3 at the Advanced Light Source, Lawrence Berkeley National Laboratory) previously debtribed (
to spectroscopically and spatially document the reduction process as it occurred on the basalt surfaces. All FTIR
microspectra were recorded in reflectance mode over the 4000-65Mhftared region at 4 ciresolution on a
Nicolet Magna 760 FTIR-spectrometer coupled to a Nic-Plan IR microsd®eThe SR source is at least 200
times brighter at a 1@m spatial resolution than a conventional black-body IR source. This makes the technique
most useful for examining in real time and at high spatial resolution many compounds and organisms at (dilute)
environmental concentrations. The distinct IR absorption bands we used as chemical markers are weaktkhawn (
19-20).

The experiment began with an introduction of 10-ppm (as chromium) chromate solution onto different magnetite
surfaces. Fig. 1 shows recorded SR FTIR spectra for chromium on magnetite surfaces shortly after the experiment’s
beginning and 5 days after exposure. For magnetite surfaces withoutNivixggans cells (abiotic), we observed no
statistically significant changes in either the IR absorption intensity or characteristic band shapes during the 5-day
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Figure 1: SR FTIR spectra of chromate on magnetite surfaces during the 5-day experiment of (left) abiotic

reduction, (middle) biotic reduction in the absence of other organic compounds, and (right) biotic reduction in
the presence of toluene vapor (as a model volatile organic compound).

period. For magnetite surfaces with living A. oxydans cells (biotic) but without the benefit of biodegradation of
toluene, the only large change in the spectral region shown was the moderate decrease in the absorption intensity of
the Cr* compound (CrO,)* vibrational mode at 846 cm™ (19). A weaker band at 830 cm™ appeared and was
accompanied by an even weaker one at 765 cm™. These bands are reminiscent of either the IR-active stretching
frequencies of chromium-oxygen in chromium-carboxylate and chromium-amino acid complexes (21), or the
vibrations of oxalate (22) and catecholate (23) anions that both can complex with and/or reduce transition metal ions.
All of these organic classes of compounds have been documented (24-25) as being natural products of microbial
activities, although it is difficult to establish precisely which complexes are being observed ( 27).

Magnetite surfaces with living A. oxydans cells and the added toluene vapor (biotic + toluene), had al infrared
absorption bands in the spectral region displayed significant changes in both intensity and characteristic band shape
during the 5-day period. In particular, the absorption intensities of the 846 cm™ and 728 cm™ modes, which are
assigned to (CrO,)* and toluene (19), disappeared. At the same time, a new, strong band at 830 cm™ appeared and
was accompanied by a sharp but weaker satellite at 765 cm™. They are again associated with possible intermediate
Cr®. The additional new band at 742 cm™, accompanied by a sharp and dlightly weaker satellite at 770 cm*, is
possibly associated with catechol (28), one of toluene’s many biodegradation products (29).

The spatial distributions of IR absorption associated with protein AmideAl okydans (1550 cni), chromate
(846 cni), and toluene (728 cthwere mapped and are presented in Fig. 2. The close link between the microbial
reduction of CY¥ and the biodegradation of toluene is evident. It also reveals that the transformation of chromate and
toluene during the 5-day experimental period is controlled spatially by the microorganisms. The lack of significant
chromate reduction on surfaces that are free of, or low in, bacterial density supports our thesis that the microbial
reduction mechanism is significant even on surfaces of mixed iron oxides.

Similar SR FTIR mapping experiments were conducted on composite mineral surfaces in basalt rocks during
four months under conditions typical of the vadose environment at the INEEL site. Spatial distributions of vibrational
frequencies associated with intrinsic microorganisms (1550),cohromate (CrQ* (846 cnf), reduced Cft
compounds (830 ci), and Ct' compounds (810 chwere mapped at the end of the second week and the end of the
fourth month. At the end of the second week nb @mpound was detected. At the end of the fourth month, spatial
distributions of the same vibrational frequencies (Fig. 3) demonstrate a correlation betweénhréwu€tion to C¥
and the distribution of microorganisms. This implies that a four-month incubation time had selectively enriched for
the successful growth of Gtolerant and Ci-reducing native microorganisms.

The reduced Crcompounds in the present experimemase been confirmed by x-ray absorption fine structure
(XAFS) spectroscopy obtained on Beamline 10.3.2 at the Advanced Light S8Qyc#éasurements done at the
same location as the peak in Fig. 3 shows a Cr x-ray absorption edge structure and lack of pre-edge peak that is
consistent with Cr compounds. All microorganisms on the sample surfaces were killed by the x-ray irradiation
during the XAFS experiment. The SR FTIR and the XAFS experiments were repeated after three months and
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Figure 2: SR FTIR spectromicroscopy shows Figure 3: Distribution of indigenous microorganisms
the spatial distribution of (top) A. oxydans, (top) and the Cr* compounds (bottom) after a 4-months
(middle) chromate, and (bottom) toluene as Cr*"-microbe-basalt experiment.

measured by their spectral signatures.

indicated no Cr*-reoxidation. This implies that the reduced Cr* is relatively stable under normal atmospheric
conditions, which is consistent with results previously reported (1).

Summary

These SR FTIR spectromicroscopic observations have nondestructively monitored and elucidated, for the first
time to our knowledge, the transformation and mechanisms of toxic Cr® on mineral surfaces. It has demonstrated
that the microbial reduction of Cr® isimportant on magnetite surfaces and on surfaces of Columbia basalt rocks that
are rich in magnetite. The Cr® reduction reaction accelerates during concomitant biodegradation of toluene (a
common co-contaminant), which further confirms the significance of biological activities. Our spatially resolved SR
FTIR spectromicroscopy further shows that on magnetite, Cr™ is reduced only in the presence of the isolated
microorganisms. Time resolved studies indicate that the reduction of Cr® to Cr* proceeds at least as a two-step
reaction with Cr* compounds as probable intermediate products. The reduced Cr** compounds were observed to be
stable for many months even after the microorganisms were killed. Thus mutagenic Cr* pollutants in the
environment can be biotransformed into less mobile, less toxic, and stable compounds. One must consider the
significant role of microorganisms when designing and implementing new and environmentally benign remediation
technologies for the cleanup of mixed waste sites.
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